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Most adenoviruses use the coxsackie-adenovirus receptor (CAR) as a major cellular receptor. We have shown recently that
adenovirus types 8, 19a, and 37, which are the major causes of epidemic keratoconjunctivitis, use sialic acid rather than CAR
as a major cellular receptor. The predicted isoelectric point of the receptor-interacting knob domain in the adenovirus fiber
protein is unusually high (9.0–9.1) in type 8, 19a, and 37. The pKa of sialic acid is low, 2.6, implying a possible involvement of
charge in fiber knob–sialic acid interactions. Here we show that (i) positively charged adenovirus knobs require sialic acid
for efficient cell membrane interactions; (ii) viral and knob interactions with immobilized sialic acid or cell-surface sialic acid
are sensitive to increased ionic strength; (iii) negatively charged molecules such as sulfated glycosaminoglycans inhibit the
binding of virions to target cells in a nonspecific, charge-dependent manner; and that (iv) the ability of adenovirus knobs to
interact with sialic acid correlates with the overall charge on the top surface of the respective knobs as predicted by
homology modeling. Taken together, the results presented provide strong evidence for a charge mechanism during theKey Words: adenovirus; fiber knob; sialic acid; charge; e
INTRODUCTION
The mastadenovirus genus includes 51 known human
serotypes, which fall into six species, A–F, formerly
termed subgenera (Benko¨ et al., 2000; Shenk, 1996;
Wadell et al., 1980). Some members of species B, D, and
E are associated with ocular infections of varying sever-
ity. A limited number of species D adenoviruses (i.e.,
adenovirus types 8 (Ad8), Ad19a, and Ad37) are fre-
quently isolated from patients suffering from epidemic
keratoconjunctivitis (EKC), which is a severe eye infec-
tion involving both the conjunctiva and the cornea (Ford
et al., 1987; Gordon et al., 1996). Ad8 was the main
causative agent of EKC until 1973, when Ad19 emerged
(Hierholzer et al., 1974; Jawetz et al., 1955). In contrast to
the pathogenic genotype Ad19a, the prototype virus
Ad19p has been isolated only once according to the
literature, in Saudi Arabia in 1955 (Bell et al., 1960; Wadell
and de Jong, 1980). In 1976, another new adenovirus
emerged which shared some serological characteristics
with Ad19p but differed by hemagglutination, and was
subsequently designated type 37 (De Jong et al., 1981).
Similar to Ad8 and Ad19a, Ad37 was also found to cause
EKC. These adenoviruses are apparently transmitted by
contact rather than aerosol (Azar et al., 1996; Gordon et
al., 1993).
The adenovirus capsid has 240 copies of the trimericc keratoconjunctivitis.
hexon protein and a penton complex at each of the 12
vertices (Horwitz, 1996). The penton consists of a pen-
tameric base, implicated in virus internalization (Wick-
ham et al., 1993), and a fiber protruding from it, which is
responsible for attachment to specific cellular receptors
(Gall et al., 1996; Louis et al., 1994; Stevenson et al.,
1995). The fiber is a homotrimer of 30–65 kDa, depending
on serotype. It consists of an N-terminal tail, a helical
shaft of repetitive units, and a C-terminal knob (Deveaux
et al., 1990). The tail links the fiber to the virion surface
through the penton base protein. The shaft varies signif-
icantly in length between species and the reason for
fibers having evolved with different lengths is likely to be
related to the ability of the third domain, the knob, to
efficiently reach and interact with the cellular receptor(s)
(Shayakhmetov and Lieber, 2000). Adenovirus members
from all species except species B have been shown to
interact with the coxsackie-adenovirus receptor (CAR)
(Bergelson et al., 1997; Roelvink et al., 1998; Tomko et al.,
1997). CAR belongs to the immunoglobulin superfamily
but so far little is known about the ordinary function of
CAR. By X-ray crystallography and mutational studies,
the CAR-interacting site of the fiber knob has been
mapped to the AB-loop, which lines the lower side sur-
face of each monomer (Bewley et al., 1999; Roelvink et
al., 1999).
Besides CAR, several additional receptors or corecep-
tors for adenoviruses have been identified. The majorinteraction between the Ad37 fiber knob and sialic acid.
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novirus receptor (Davison et al., 1999; Hong et al., 1997).
Cell-surface heparan sulfate has been shown recently to
be sufficient to mediate the attachment of species C
adenoviruses to host cells (Dechecchi et al., 2000, 2001).
The vascular cell adhesion molecule-1 (VCAM-1) has
been proposed to be an auxilliary receptor for Ad5 (spe-
cies C) on endothelial cells (Chu et al., 2001). Apparently,
VCAM-1 shares some homology with CAR and is upregu-
lated on endothelial cells. Alpha V-integrins are mainly
involved in internalization of adenoviruses into host cells,
but for Ad9 (species D), they also play a role during the
preceding attachment step (Arnberg et al., 2000b;
Roelvink et al., 1996). Recently, we found that the species
D adenoviruses Ad8, Ad19a, and Ad37, but not the
closely related Ad9 or Ad19p, use sialic acid as a func-
tional first-step receptor on A549 cells (Arnberg et al.,
2000a,b). Since EKC-causing adenoviruses but not other
adenoviruses specifically interact with cell-surface sialic
acid, it is possible that these adenoviruses share struc-
tural determinants in the viral ligand which allow target-
ing to sialic acid.
Several virus families have been reported to use neg-
atively charged membrane components such as sialic
acid and heparan sulfate as cellular receptors. Besides
the EKC-causing adenoviruses, sialic acid is used by
influenzavirus, rotavirus, coronavirus, and polyomavirus
(Delorme et al., 2001; Springer et al., 1969). Herpesvirus,
dengue virus, and adeno-associated virus use heparan
sulfate as a receptor (Chen et al., 1997; Summerford and
Samulski, 1998; Trybala et al., 1994; WuDunn and Spear,
1989). Moreover, HIV gp120 interacts with an acidic do-
main of the chemokine receptor CXCR4 (Kwong et al.,
2000). Many of these viruses have developed positively
charged receptor-interacting ligands which facilitate in-
teraction with the receptors through charge-dependent
events (Kaverin et al., 2000; Mastromarino et al., 1991;
Moulard et al., 2000; Superti et al., 1993). In the case of
adenoviruses, the theoretical isoelectric points (pI) of the
knobs of Ad8, Ad19a, and Ad37 are unusually high: 9.0–
9.1 (Arnberg et al., 1997). This is at least 2 logs higher
than for the knobs of most other adenoviruses. Sialic
acid has a low pKa (2.6) and is negatively charged at
physiological pH, which suggests that charge may play a
key role during the interaction between sialic acid and
the fiber knobs of Ad8, Ad19a, and Ad37. This study set
out to investigate the importance of charge during the
interactions between fiber knobs and sialic acid.
RESULTS
Determination of Ad37 virion-binding characteristics
to A549 cells by Scatchard analysis
Adenovirus attachment to A549 cells has been de-
scribed to occur by high-affinity interactions with a rela-
tively low number of receptor sites. The KD for Ad2 and
Ad3 virions has been determined to be 0.109 and 0.125
nM, respectively, whereas the number of receptor sites
per cell has been determined to 5000 for Ad2 and 7000
for Ad3 (Defer et al., 1990). Since Ad37 uses a completely
different receptor from Ad2 and Ad3, we examined the
characteristics of Ad37 attachment to A549 cells by sat-
uration-binding experiments. Scatchard analysis re-
vealed that Ad37 virions also exhibit high affinity for A549
cells (KD 0.201 nM) and that there are relatively many
receptor binding sites (33,000 per A549 cell) (Fig. 1).
Ad37 virions attach to A549 cells through an
interaction involving the knob domain of the viral fiber
protein and cell-surface sialic acid
Cell attachment by adenoviruses is known to be me-
diated exclusively by the fiber knob, but Ad9 has been
reported to be an exception to this rule since virion
attachment to target cells is mediated also by penton
base–integrin interactions. To investigate whether the
closely related Ad37 uses the fiber alone for attachment
to A549 cells, we incubated Ad37 virions with antiserum
from rabbits previously immunized with recombinant
Ad37 fiber knobs. Preimmune serum did not affect at-
tachment at the highest nontoxic concentration, indicat-
ing that there were no nonspecific inhibitors in the se-
rum. On the contrary, diluted anti-Ad37 knob serum effi-
ciently blocked attachment (Fig. 2A). Thus, it appears that
the attachment of Ad37 virions to A549 cells is mediated
primarily by the knob domain of the fiber protein.
To investigate the interaction between sialic acid and
recombinant adenovirus fiber knobs in the absence of
other cell membrane components, we used microplates
precrosslinked with sialic acid. Fiber knobs from Ad37
and Ad8 interacted only with wells containing sialic acid
FIG. 1. Scatchard plot analysis of data for binding of Ad37 to A549
cells. Increasing amounts of 35S-labeled Ad37 virions were incubated
with A549 cells in suspension as described under Materials and
Methods. Ratios of bound (cell-associated) radioactivity to free radio-
activity were plotted against the number of bound virions per cell. The
disassociation constant (KD  0.201 nM) was derived from the slope
of the line. The number of receptor sites for Ad37 virions (3.3  104)
was derived from the value extrapolated to the interception with the
abscissa. The data shown were obtained from three separate experi-
ments.
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but not with acetylated control wells (Fig. 2B). The ab-
sorbance at 450 nm exceeded 1.1 units with Ad8 knobs
and approached 1 unit with Ad37 knobs. Fiber knobs
from Ad5 and Ad19p, neither of which use sialic acid as
a receptor (Arnberg et al., 2000b), reacted weakly; A450
did not exceed 0.2 units for either of these knobs.
The interaction between fiber knobs and sialic acid
was further investigated by a FACs assay in which His-
tagged fiber knobs from multiple serotypes were incu-
bated with sialic acid positive A549 cells or with A549
cells rendered sialic acid negative by pretreatment with
neuraminidase. The Ad37 knobs attached to more than
45% of the sialic acid positive A549 cells (Fig. 2C). Twenty
to twenty-five percent of the cells were positive for Ad8
knobs, while there were very limited amounts of cells
positive for Ad5 and Ad19p (3%). These results sup-
ported the observation that A549 cells provide signifi-
cantly more receptor sites for Ad37 knobs than for Ad5
knobs. Pretreatment of A549 cells with neuraminidase
did not reduce the attachment of Ad5 or Ad19p, whereas
the attachment of Ad8 and Ad37 was efficiently reduced
upon neuraminidase treatment of these cells. Conse-
quently, Ad37 virions attach to A549 cells through an
interaction between the fiber knob and numerous cell-
surface sialic acid saccharides.
Increased NaCl concentration inhibits attachment of
Ad37 virions to A549 cells by disturbing fiber knob
interactions with sialic acid
Next, we set out to investigate whether a charge-
dependent mechanism was involved during the attach-
ment of Ad37 virions to A549 cells by alterations of ionic
strength (i.e., NaCl concentration) during the attachment
step. Ad37 virions attached to A549 cells efficiently at
0.15 M NaCl but not at all at 0.25 M or above, indicating
a strongly charge-dependent interaction (Fig. 3A). The
charge dependence appeared to be type-specific since
the control virus, in this case Ad5, attached to A549 cells
independently of NaCl up to 0.40 M (Fig. 3B).
Furthermore, adenovirus fiber knobs from Ad37 and
Ad8 were incubated with sialylated microplate wells at
increasing NaCl concentrations. As expected, both fiber
knobs interacted with immobilized sialic acid in a NaCl
dose-dependent manner (Fig. 3C). However, higher con-
centrations of NaCl were required to inhibit the binding
of fiber knobs to immobilized sialic acid as compared to
the binding of virions to A549 cells.
Negatively charged glycosaminoglycans impair Ad37
binding and infection of host cells
To further evaluate the impact of charge during Ad37
interactions with A549 cells, we preincubated Ad37 viri-
ons with glycosaminoglycans containing different levels
of sulfatation and investigated whether these negatively
charged compounds could inhibit the binding of Ad37 to
FIG. 2. Attachment of Ad37 virions to A549 cells is mediated by an
interaction involving the knob domain of the viral fiber protein and
cell surface sialic acid. (A) 35S-labeled Ad37 virions were preincu-
bated on ice with 10-fold dilutions of anti-Ad37 knob serum or
preimmune serum and then added to A549 cells. Unbound virions
were removed by washing and the cell-associated radioactivity was
measured. (B) Recombinant fiber knobs from Ad5, Ad8, Ad19p, and
Ad37 were incubated in ELISA wells containing precrosslinked
sialic acid. Unbound virions were removed by washing and bound
virions were detected as described under Materials and Methods.
The background resulting from mock incubations (no knob) was
subtracted from total binding to obtain specific binding. (C) Recom-
binant fiber knobs representing Ad5, Ad8, Ad19p, or Ad37 were
incubated with A549 cells pretreated with neuraminidase or mock-
treated (no neuraminidase). Unbound fiber knobs were removed by
washing and bound fiber knobs were detected by FACS as de-
scribed under Materials and Methods. All data represent the mean
of three independent experiments.
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A549 cells. The compounds used were synthetic dextran
sulfate (DS: 3.5–4 sulfate groups/disaccharide unit), hep-
arin (2–3), and chondroitin sulfate A and B (CSA/CSB: 1).
As expected, DS inhibited Ad37 binding better than hep-
arin, and heparin in turn inhibited better than CSB and
CSA (Fig. 4A). Thus, highly sulfated glycosaminoglycans
inhibit the attachment more efficiently than less sulfated.
This observation was further supported by data show-
ing that heparin efficiently inhibited attachment of sialic
acid-binding adenoviruses (Ad37 and Ad8) to CHO cells,
but not control virus, in this case Ad19p (Table 1). The
concentrations required to obtain 50% attachment inhi-
bition of Ad37 and Ad8 varied between 20 and 35 M,
whereas Ad19p was only weakly inhibited at the highest
concentration included (670 M). Interestingly, the inhib-
itory effect of heparin was independent of human CAR,
since heparin inhibited all adenovirus types included in
this experiment with equally high or low efficiency re-
gardless of whether the cells used expressed human
CAR, or if they were CAR negative. None of the adeno-
virus types included here attached CAR-positive cells
FIG. 4. Soluble, sulfated glycosaminoglycans inhibit binding of Ad37
virions in a charge-dependent fashion, whereas enzymatic removal of
cell-surface heparan sulfate enhances Ad37 infection of A549 cells. (A)
The glycosaminoglycans dextran sulfate (DS), heparin, and chondroitin
sulfate A and B (CSA and CSB) were preincubated with 35S-labeled
Ad37 virions and thereafter incubated with A549 cells as described
under Materials and Methods. Unbound virions were removed by
washing and cell-associated radioactivity was measured. (B) Heparan
sulfate was removed from A549 cells by incubating the cells with or
without (control) heparinase III (Hep III). Subsequent infectivity of Ad37
was investigated using a fluorescent focus assay as described under
Materials and Methods. All data represent the mean of three indepen-
dent experiments.
FIG. 3. Increased NaCl concentration inhibits adenovirus–receptor
interactions. (A and B) 35S-labeled Ad37 (A) or Ad5 (B) virions were
incubated with A549 cells in suspension at increasing concentrations
of NaCl as described under Materials and Methods. Unbound virions
were removed by washing and the cell-associated radioactivity was
measured. All data represent the means of three independent experi-
ments. (C) Ad8 and Ad37 fiber knobs were incubated in ELISA wells
containing precrosslinked sialic acid at increasing concentrations of
NaCl. Unbound fiber knobs were removed by washing and bound fiber
knobs were detected as described under Materials and Methods.
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more efficiently than CAR-negative cells except Ad5,
which attached the CAR-positive cells 40 times more
efficiently than the CAR-negative cells (data not shown).
To test whether heparan sulfate could serve as a
potential receptor for Ad37, we treated adherent A549
cells with heparinase III in a fluorescent focus assay,
thus removing heparan sulfate from the cell surface. We
found that Ad37 infectivity of treated cells was signifi-
cantly higher than for nontreated cells (Fig. 4B), implying
that the presence of heparan sulfate inhibited rather than
faciliatated Ad37 infection of A549 cells. Taken together,
these results provide strong evidence for a charge-de-
pendent mechanism during the interaction between pos-
itively charged fiber knobs of EKC-causing adenoviruses
and sialic acid.
Sialic acid binding adenoviruses display high positive
charge in the receptor-facing central cavity of fiber
knobs
To date, the fiber knobs of Ad12 (species A), Ad3 (B),
Ad5 (C), and Ad2 (C) have been analyzed by X-ray crys-
tallography (Bewley et al., 1999; Durmort et al., 2001; Van
Raaij et al., 1999; Xia et al., 1995). From these experi-
ments it has been possible to show that the basic struc-
ture of the fiber knob is conserved between species.
Furthermore, alignments of multiple fiber sequences (for
which there are no available coordinates) suggest com-
mon secondary structural motifs (Pring-Åkerblom et al.,
1998; Xia et al., 1995). The Ad8, Ad19p, and Ad37 fiber
knobs are relatively homologous to Ad5 in both length
(177–178 residues) and sequence, as compared to the
fiber knobs of species B (184–189 residues) or species F
adenoviruses (153–173 residues; data not shown). This
fortuitous similarity has allowed us to generate homol-
ogy models for Ad8, Ad19p, and Ad37 fiber knob trimers
using the Ad2 and Ad5 knobs as backbones for model-
ing. Furthermore, we have analyzed the predicted distri-
bution of surface charge on these knob models. The side
surfaces, which carry the predicted CAR-binding site in
the Ad5/Ad12 template structures, appeared to contain
relatively few charged amino acids, with the charge be-
ing predominantly neutral (white; Fig. 5). The top/outer
(membrane-facing) region of the Ad5/12 knobs was also
neutral, with similar proportions of positive charge (blue)
and negative charge (red). On the other hand, the top/
outer regions of the Ad8 and Ad37 knob models were
strongly positively charged, including the central cavity.
The amino acid sequence of the Ad19p knob differ from
that of Ad37 by only two amino acids. Despite these
minor differences, the surface of the Ad19p knob dis-
plays much less positive charge compared with the knob
of Ad37.
Lys240 and Asn340 are colocalized on the surface of
the Ad37 knob and are responsible for the high
surface charge which is absent on the Ad19p knob
The fibers of Ad37 and the genomic variant Ad19a are
completely identical in amino acid sequence, and the
trimeric knobs would therefore have identical structure
and charge (Arnberg et al., 1997). Despite the fact that
they belong to the same serotype, the prototype strain
Ad19p differs from the genomic variant Ad19a (and Ad37)
by two amino acids in the fiber knob. In Ad19p these two
amino acids are both acidic (Glu240 and Asp340), whereas
in Ad37 (and Ad19a) they are either basic (Lys240) or polar
(Asn340). Modeling of the knobs indicated that the two
amino acid positions are exposed on the top of each of
the knob monomers (Fig. 6). Despite their distance from
each other in the primary sequence, Lys240 and Asn340 are
close to each other on the surface of each monomer.
Consequently, the top surface of each trimeric Ad19p
knob contains six acidic amino acids, which have been
exchanged for three polar and three basic amino acids in
Ad37 (and Ad19a). Each mutation was modeled sepa-
rately, and each of the two appeared to have an almost
equal and additive effect on the charge of the Ad37 knob,
conferring a more marked positive charge to its top
surface. Thus, in addition to the experimental data pre-
sented, these models provide further evidence for a
charge-dependent interaction between the fiber knobs of
EKC-causing adenoviruses and their cellular receptor
sialic acid. They also provide an explanation as to why
the knob of Ad19p which has a relatively high pI (8.5) is
unable to interact with sialic acid.
DISCUSSION
Viral tropism can depend on different mechanisms.
The tropism of viruses such as Epstein–Barr virus (EBV)
and human immunodeficiency virus (HIV) appears to be
based primarily on the presence of the cell-surface re-
ceptors to which the viruses can attach (CD19 and CD4,
respectively). Representative members of all adenovirus
TABLE 1
Inhibition of Adenovirus Binding to CHO Cells by Heparin
Cell line:
Ad. Type
Concentration of heparin
(in M) required for 50%
inhibition of adenovirus binding
Maximum
inhibition expressed
as % of controla
CHO-CAR CHO-alpha2 CHO-CAR CHO-alpha2
8 30 35 91 92
19p 670 670 31 28
37 25 20 82 87
Note. The results are presented as the average of three independent
experiments.
a At 670 M.
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species except species B have been shown to interact
with CAR. CAR is expressed in many tissues (Tomko et
al., 1997) as a transmembrane component in tight junc-
tions (Cohen et al., 2001). The CAR-interacting adenovi-
ruses exhibit a broad and partially overlapping tropism
and it is therefore difficult to explain their individual
tropisms on the basis of CAR interactions. Besides the
ligand–receptor interaction, other mechanisms are prob-
ably required to direct the tropism of the CAR-interacting
adenoviruses. Unlike these adenoviruses, Ad8, Ad19a,
and Ad37 exhibit a specific tropism for the eye (Ford et
al., 1987). This tropism is apparently linked to a (for
adenoviruses) unique ability to use sialic acid as a cel-
lular receptor.
Although most adenoviruses attach to target cells
through an interaction between the viral fiber protein and
the cellular receptor, Ad9, a close relative of Ad8 and
Ad37, has been demonstrated to interact with host cells
using both the fiber and the penton base proteins as viral
ligands (Roelvink et al., 1996). Despite this genetic rela-
tionship, the penton base appears to play a minor role
during Ad37 attachment.
Ad5 and Ad19p (which does not cause EKC) bound
poorly to immobilized sialic acid and attached inde-
pendently of sialic acid to the surface of A549 cells.
This relatively poor level of attachment exhibited by
Ad5 for A549 cells, a cell line which is highly permis-
sive for Ad5, may be explained by the finding that there
are only 5000 receptors/cell for species C adenovi-
ruses on these cells (Defer et al., 1990), whereas we
show here that as many as 33,000 Ad37 virions bind to
each A549 cell. Moreover, our binding experiments
were performed at 4°C to avoid internalization, and
at this temperature Ad5 attachment to A549 cells is
more than 10-fold weaker than attachment measured
at 37°C (Gall et al., 1996).
In a previous study we found that the theoretical iso-
electric points of adenovirus fiber knobs was at least
100-fold higher in knobs from the EKC-causing adenovi-
ruses as compared with the knobs of other adenovi-
ruses. Since these adenoviruses use a negatively
charged receptor (the pKa of sialic acid is 2.6), we hy-
pothesized that the interaction between the fiber knobs
and sialic acid involves a charge mechanism. The ex-
periments performed here using high salt concentrations
to disturb charge-dependent interactions support this
hypothesis. The NaCl concentration in tear fluid is 0.17 M
or less, depending on whether the eyelid is open or not
(Cowell et al., 1998). Thus, the ionic strength of tears is
not enough to inhibit the binding of Ad8 and Ad37 to
sialic acid. Taken together, these results suggest that
charge is involved during attachment of Ad37 virions to
sialic acid in vivo.
Glycosaminoglycans are large polysaccharides with
various levels of sulfatation (i.e., negative charge). Here
we have found that these compounds are able to inhibit
the attachment of Ad37 to A549 cells to an extent which
corresponds to the level of sulfatation. The heparan
sulfate analogue heparin is highly sulfated and has been
used previously to inhibit charge-dependent virus–cell
interactions (Mastromarino et al., 1991; Moulard et al.,
2000; Superti et al., 1993). The selective, inhibitory effect
on binding of EKC-causing adenoviruses to host (CHO)
cells demonstrated in this article further supports a
model in which charge plays an important role during the
interaction between EKC-causing adenoviruses and host
cells. The effect was the same irrespective of the pres-
ence of surface CAR, indicating that CAR plays a negli-
gible role in this interaction. Moreover, Ad37 infection of
A549 cells pretreated enzymatically with heparinase III,
which removes cell membrane-associated heparan sul-
fate, resulted in a significant increase in infected cells, as
compared to nontreated cells, implying that the interac-
tions between Ad37 and cell surface heparan sulfate
inhibit or at least delay the internalization of Ad37 virions
into A549 cells.
X-ray crystallography in combination with sequence
analysis has shown that the overall structure of fiber
knobs from species C and D adenoviruses is relatively
conserved, which allowed us to construct homology
models for species D knobs using the crystallographic
data available for species C adenovirus fiber knobs. In
agreement with the pIs predicted previously, we found
that the overall surface charge of Ad8 and Ad37 knobs is
positive, whereas the knobs of Ad5 and Ad12 are neutral.
The most positively charged part of the Ad8/Ad37 knobs
appears to be the central membrane-facing cavity. Ad37
and Ad19a have identical fiber genes; thus, we would
expect the Ad19a knob to behave similarly to the knob of
Ad37. This is supported by previously published data
showing that Ad37 and Ad19a virions attach to A549 cells
FIG. 5. Predicted surface charge distribution of adenovirus fiber knobs. Homology models of selected species D adenovirus fiber knobs based on
the X-ray crystallographic structures of the Ad5 knob trimer (top left) and the Ad2 knob (see Materials and Methods for details). The top surfaces are
distal to the virus surface. Predicted positive surface charge is shown in blue and negative charge in red.
FIG. 6. Predicted surface charge distribution for homology models derived from the primary sequence of the Ad19p knob polypeptide and varying
at the only two amino acid positions which differ between Ad19p and Ad37 (Glu or Lys at position 240, Asp or Asn at position 340, respectively).
Homology models of Ad37 and Ad19p fiber knobs based on the X-ray crystallographic structures of the Ad2 and Ad5 trimeric fiber knobs. Residues
240 and 340 colocalize to the same region on the top of the knob surfaces. The positions of residues 240 and 340 are shown with black and green
arrows, respectively. Mutation at either position (Glu(Ad19p)240Lys(Ad37) or Asp(Ad19p)340Asn(Ad37)) has a cumulative effect on the overall intensity of positive
charge over the top surface of the Ad37knob trimer.
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with similar efficiency and in a sialic acid dependent
manner (Arnberg et al., 2000b).
The fiber knobs of Ad37 and the Ad19 prototype,
Ad19p, differ by only two amino acids, Lys240Glu and
Asn340Asp (Arnberg et al., 1997), corresponding to a
homology of 98.9% between the two knobs. Despite this
high homology and a relatively high pI (8.5), Ad19p knobs
bound poorly to A549 cells and in a sialic acid indepen-
dent manner. This apparently high pI in combination with
the poor ability of Ad19p to interact with sialic acid
prompted us to further investigate the impact of positive
charge on fiber knobs during interactions with sialic
acid.
Homology modeling revealed that the two amino acids
which differentiate the Ad37 knob monomer from that of
Ad19p appear to sit close together on the edge of the
central cavity of each trimeric knob. These two amino
acids are negatively charged in Ad19p (Glu240 and
Asp340), whereas one is positive (Lys240) and one is non-
charged (Asn340) in Ad37. In total, the six acidic amino
acids on the top of the Ad19p knob are exchanged for
three neutral and three positively charged amino acids in
the Ad37 equivalent. This has a dramatic effect on the
apparent surface charge of these fiber knobs. Thus,
despite the relatively high theoretical pI of the Ad19p
knob, the membrane-facing cavity appears to be almost
neutral and would most probably be unable to interact
with sialic acid in a charge-dependent manner. In agree-
ment with this suggestion, it has been demonstrated that
at least one of these two amino acids, Lys240, is required
for efficient interactions between the Ad37 fiber and a
HeLa sub-cell-line designated Chang C (Huang et al.,
1999).
Interestingly, studies applying continuum electrostat-
ics to proteins indicate that the shape of the molecular
surface can often play a crucial role in determining the
intensity of a patch of electronegativity or electropositiv-
ity (Honig and Nicholls, 1995). Thus, surface depressions
or clefts can often have a charge-focusing effect. It could
be that the attractiveness of certain fiber knobs for sialic
acid (and vice versa) from a distance may be greatly
enhanced by the crater-like appearance of the top (out-
ermost) surface of the knob, while being due ultimately to
the triangular apposition of positive residues around or
on the edge of the cavity, such as Lys240 in Ad37.
In conclusion, we have demonstrated that Ad37, which
together with Ad8 and Ad19a is responsible for the ma-
jority of cases of EKC worldwide, exhibits a high level of
positive charge on the membrane-facing surface of the
fiber knob, and that this positive charge mediates high-
affinity attachment to numerous cell-surface sialic acid
receptors. These findings may lead to the development
of antiviral drugs against the EKC-causing adenoviruses
and contribute to a better understanding of tropism in
general.
MATERIALS AND METHODS
Cells and viruses
A549 cells were grown in Dulbecco’s modified essen-
tial medium (DMEM, Sigma Chemical Co., St. Louis, MO)
containing 10% fetal calf serum (FCS, Sigma), HEPES,
and penicillin-streptomycin. Chinese hamster ovary cells
expressing human CAR (CHO-CAR) or human alpha2-
integrins (CHO-alpha2) were grown as described previ-
ously (Bergelson et al., 1997, 1993). Nonlabeled and 35S-
labeled Ad5, Ad8, Ad19p, and Ad37 virions were propa-
gated as described previously (Defer et al., 1990). The
specific activity of 35S-labeled virions ranged from 2.7 
106/virion (Ad8) to 2.2  105/virion (Ad19p).
Recombinant fiber knobs
Ad37 DNA was extracted from infected HeLa cells as
previously described (Adrian et al., 1986). DNA encoding
the knob domain, including the last shaft motif, was
amplified with the following primer pair: Kf-37, 5-
GGATACTTGGTAGCATGGAACCCA-3; and Kr-37, 5-
TCATTCTTGGGCAATATAGGA-3. PCR amplification was
performed as described previously (Pring-Åkerblom et
al., 1998). The amplified Ad37 knob was cloned into
pUC18 and an appropriate clone was chosen (by se-
quencing) for subcloning into the pQE32 expression vec-
tor (Qiagen, Hilden, Germany). PCR amplification and
cloning of the other fiber knob constructs have been
described elsewhere (Pring-Åkerblom et al., 1998). His-
tagged fiber knobs were expressed in soluble form and
purified with Ni-NTA agarose according to the instruc-
tions of the manufacturer (Qiagen). Purified knobs were
used for production of polyclonal rabbit antiknob anti-
bodies by Agrisera AB, Va¨nna¨s, Sweden. The rabbits
were immunized four times intramuscularly and subcu-
taneously using (I): 200 g and Freunds complete adju-
vant (FCA)/rabbit; (II, III, and IV): 100 g and Freunds
incomplete adjuvant (FIA)/rabbit, with an interval of 2, 3,
and 6 weeks between the immunizations.
Binding experiments
Scatchard analysis. A549 cells were detached with
phosphate-buffered saline (PBS) pH 7.4 containing 0.05%
EDTA. Then 1  105 cells/sample were incubated with
increasing amounts of 35S-labeled Ad37 virions in 100 l
PBS containing 2% FCS at 4°C and under constant
agitation. Unbound virions were removed by washing.
Nonspecific binding was determined by treating A549
cells with 200 mU/ml Vibrio cholerae neuraminidase
(Sigma) and subtracted from total binding prior to Scat-
chard analysis, which was performed using the Prism
program (Graphpad Software Inc., San Diego, CA).
Blocking experiments. (i) 35S-labeled Ad37 virions (2 
109) were incubated with various concentrations of rabbit
anti-Ad37 knob antiserum in 100 l binding buffer (BB;
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DMEM containing 2% FCS) on ice for 1 h and then
incubated with 2  105 A549 cells in suspension on ice
for 1 h. Finally, the cells were washed twice in BB and
cell-associated radioactivity was measured in a Wallac
1409 scintillator. (ii) 35S-labeled Ad37 virions (2  109)
were incubated on ice with 2  105 A549 cells sus-
pended in BB containing 0.15–0.40 M NaCl for 1 h. Un-
bound virions were removed by washing and cell-asso-
ciated radioactivity was measured. (iii) 35S-labeled viri-
ons (2  109) were incubated on ice with the indicated
glycosaminoglycans (Sigma) dissolved in BB for 1 h, and
then each sample was incubated with 2  105 cells in
suspension on ice for 1 h. Unbound virions were re-
moved by washing and the cell-associated radioactivity
was measured.
ELISA
Aliquots with or without 5 g recombinant fiber knobs
in PBS–0.05% Tween 20 (PBS-T) incorporating various
concentrations of NaCl were incubated in sialylated mi-
croplate wells (Lundonia Biotech, Lund, Sweden) for 45
min at room temperature (RT). The wells were washed
four times with PBS-T and incubated first with 100 l
mouse anti-His-tag antibodies (Qiagen) diluted 1:1000 in
PBS-T, and then incubated after washing, with horserad-
ish-peroxidase (HRP)-labeled rabbit anti-mouse antibod-
ies (Dakopatts, Glostrup, Denmark) diluted 1:2000 in
PBS-T. The wells were incubated with K-blue substrate
(Neogen, Lexington, KY) for 10 min and the reactions
were stopped with 50 l 1 M H2SO4. The absorbance
was measured at 450 nm using a Multiskan MCC/340
ELISA-reader (Labsystems, Helsinki, Finland).
Flow cytometry
Adherent A549 cells were detached with PBS–EDTA
whereafter 5  105 cells/sample were washed and re-
suspended in 100 l BB with or without 20 mU Vibrio
cholerae neuraminidase. The cells were incubated at
37°C for 1 h, washed in BB, and incubated on ice with 5
g recombinant fiber knob in a 96-well plate for 1 h. After
washing, the cells were incubated with mouse anti-His-
tag antibodies (Qiagen) diluted 1:1000 in BB on ice for
1 h, washed again, and incubated as before but now with
FITC-labeled rabbit anti-mouse antibodies (Dakopatts)
diluted 1:100 in BB. The measurement included 10,000
cells/sample and the data were analyzed using the
CellQuest software program (Becton–Dickinson, Franklin
Lakes, NJ).
Fluorescent focus assay
A total of 2  105 A549 cells per well in 24-well plates
were washed twice in PBS and incubated with or without
(control) 10 U heparinase III (Sigma) per well (diluted in
500 l digestion buffer: 20 mM Tris–HCl, 50 mM NaCl, 4
mM CaCl2, 0.01% BSA, pH 7.5), at 37°C for 1 h. After
washing, each well was incubated further with Ad37
virions corresponding to 5000 fluorescent focus units
(FFU)/viewfield in control wells (37°C/1 h), washed again
to remove noninternalized virions, and incubated at 37°C
for 44 h. The plates were then rinsed twice with PBS,
fixed in 99% methanol for 10 min, and air dried at RT for
5 min. Polyclonal rabbit anti-Ad37 virion serum diluted
1:200 in PBS-T was added to the plates and incubated for
1 h at RT. After washing, the plates were incubated with
FITC-labeled swine anti-rabbit IgG antibodies (Dako-
patts) at RT for 1 h. Finally, the plates were washed and
examined with an immunofluorescence microscope
(100 magnification; Xiovert 25, Carl Zeiss Jena GmbH,
Jena, Germany).
Homology modeling of fiber knobs
Modeling of species D adenovirus fiber knobs was
based on the SwissModel/ProMod II system (Peitch and
Guex, 1997), using the Swiss-PdbViewer software in
combination with the WWW server. Briefly, a knob se-
quence to be modeled was aligned against the corre-
sponding sequences of the Ad5 and Ad2 knobs, for
which there are X-ray crystallographic coordinates (da-
tabank codes 1KNB and 1 QHVA, respectively). This
alignment was refined manually using Swiss-PdbViewer
and a preliminary model for the monomer was prepared,
paying attention to resultant bond lengths and threading
energy. The model was then improved using the Swiss-
Model/ProMod II server facility, which includes energy
minimization using GROMOS96 force-field parameters.
The following modeling software was also used for com-
parisons: Modeler version 4 (Sali and Blundell, 1993),
What If (http//cmbi.kun.nl/whatif), and Composer (Sybyl
Package; Tripos Inc., St. Louis, MO).
The coordinates of the resultant monomer model were
used to form a trimer using 6D-XPAND (a program asso-
ciated with the O package; Dr. Gerard Kleywegt, Univer-
sity of Uppsala, Sweden) and transformation data
derived from the Ad5 knob (kindly supplied by Dr. Di Xia).
The molecular visualization program GRASP (http//
honigab.cpmc.colombia.edu.grasp) was used to calcu-
late and illustrate surface potentials. The default data file
for protein charge (default.crg) was used throughout and
the potential range displayed was 15 through 15 kT
for all models.
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